When the Y chromosome of the laboratory inbred mouse strain C57BL/6 (B6) is replaced by the Y of certain strains of Mus musculus domesticus, testis determination fails and all XY fetuses develop either as hermaphrodites or XY females (XY sex reversal). This suggests the presence of at least two alleles of Sry, the male-determining gene on the Y: A4. m. domesticus and B6. The B6 Y chromosome is derived from the Japanese house mouse, A4. m. molossinus and therefore carries a molossinus Sry allele. As a first step to determine how the molossinus Sry allele evolved, its distribution pattern was determined in wild mice. The cumulative data of 96 M. musculus samples obtained from 58 geographical locations in Europe, North Africa, and Asia show the molossinus Sry allele is restricted to Japan and the neighboring Asian mainland and confirm that Japanese M. m. molossinus mice were derived in part from a race of A4. m. musculus from Korea or Manchuria. Sry polymorphisms, as illustrated by the molossinus Sry allele, can serve as molecular markers for studies on the evolution of wild A4. musculus populations and can help determine the role sex determination plays in speciation.
Introduction
The laboratory mouse, one of the best-known genetic models, is derived from the house mouse, A4us musculus. Mus musculus is a polytypic species that diverged into four subspecies within the last 0.6 X lo6 yr ( fig. 1 ) (Bonhomme and Gubnet 1989; Auffray et al. 1990; She et al. 1990 ). A4us m. domesticus is indigenous to western Europe and the Mediterranean basin but was transported by humans around the world. Mus m. musculus is found from northern and eastern Europe across Asia, north of the Himalayas, to the Pacific coast. A4us m. bactrianus is indigenous to the region between Iran and Burma. Mus m. castaneus occupies southeast Asia south of the Chang Jiang (Yangtze) River in China (Marshall 1986; Moriwaki et al. 1986; Bonhomme and G&net 1989; F&man et al. 1990; Moriwaki et al. 1990; Sage et al. 1993) . In Japan, a distinct population, historically referred to as it4 m. molossinus, arose from the hybridization of M. m. musculus and M. m. castaneus (Yonekawa et al. 1988; Bonhomme et al. 1989) . The majority of the laboratory mouse strains are hybrids that
The M. musculus Y chromosome is polymorphic and can be divided into two types (domesticus and musculus) based on three molecular characteristics: restriction fragment length polymorphisms (RFLPs) for the Y-linked genes, zinc finger protein on the Y, Zfv-1 and Zfy-2 (Mardon et al. 1989; Nagamine et al. 1989a) ; the absence (domesticus-type) or presence (musculus-type) of an 18-bp deletion in the Zfy-2 gene (Nagamine et al. 1990 (Nagamine et al. , 1992 ; and differences in hybridization patterns obtained with recombinant DNA probes specific to murine Y-repetitive sequences (Bishop et al. 1985; Nishioka and Lamothe 1987; Boursot et al. 1989; Tucker e' t al. 1989 (Nishioka and Lamothe 1987 ) . This molecular difference between the domesticus-and musculus-type Ys may have biological significance. The laboratory inbred mouse strain C57BL/ 6 ( B6) has a musculus-type Y. However, when its Y chromosome is replaced by certain domesticustype Y chromosomes, for example, a Y from the Posch-1 strain, testis determination fails and all XY fetuses develop either as hermaphrodites or XY females (XY sex reversal) (Either et al. 1982; Nagamine et al. 1987b; Biddle and Nishioka 1988 have normal testis determination. These genetic data suggest that the testis-determining gene on the Posch-1 ( domesticus-type ) and B6 ( musculus-type ) Y chromosomes differ because these two Ys have different testisdetermining capabilities on the identical B6 genetic background. Either and colleagues ( 1982) hypothesized that at least two alleles of the Y-linked, testis-determining gene ( 7' &) exist: Tdydom and 7' dyB6.
Convincing data suggest 7' dy is allelic to the Ylinked gene, sex-determining region of the Y (Sry) (Gubbay et al. 1990; Sinclair et al. 1990; Koopman et al. 199 1) . S-y encodes a high mobility group-1 and -2 (HMG l/2) protein, a protein family characterized by an evolutionarily conserved, approximately 85-amino acid, DNA-binding motif designated the HMG domain. The sequence encoding the HMG domain is called the HMG box. SRY is hypothesized to function as a transcription factor that positively or negatively regulates the transcription of other genes, triggering a cascade of gene interactions that ultimately transforms the mammalian gonad into a testis (Gubbay et al. 1990; Sinclair et al. 1990; Alexander-Bridges et al. 1992; Harley et al. 1992; Haqq et al. 1993; Giese et al. 1994; .
Defining the molecular differences between the M. m. domesticus and B6 Srv ( = 7'dy) alleles and how they (Nagamine et al. 1992 ). The number of each locality correspond to those in fig (Frisman et al. 1990) . n = number of specimens tested from each locality.
evolved may lead to a better understanding of the M. m. domesticus XY sex reversal phenomenon and the molecular genetics of mammalian sex determination. The B6 Y chromosome, and therefore its Sry allele, is derived from the Japanese wild house mouse, M. m. molossinus (Nagamine et al. 1992) . As a first step to elucidate how the molossinus Sry allele evolved, its distribution pattern was determined in wild M. musculus. We studied two Sry mutations that have been identified in the molossinus Sry allele: a C-T transition in the HMG box at nucleotide (nt) 849 1 and a Tag1 RFLP that is due to a C-T transition at nt 87 11 (Nagamine et al. 1992 ) (nucleotides numbered according to Gubbay et al. 1992 ). The first mutation results in the substitution of an isoleucine for threonine; the second mutation is silent and does not result in an amino acid change.
Our previous study suggested that the molossinus Sry allele is widespread in Japan (Nagamine et al. 1992) . Its distribution pattern outside of Japan, however, was unclear. Of five east Asian samples studied (Changchun and Beijing, China; Taiwan; Thailand; Indonesia), the molossinus Srv allele was identified only from Changchun.
We studied an additional 68 male M. muscubs from Asia to determine the exact range of the molossinus Sry allele. We simultaneously typed the samples for the presence of a Zfy-2 18-bp deletion that is diagnostic for the musculus-type Y chromosome. The data document the distribution of the domesticus-and musculus-type Y chromosomes in the Old World and show that the molossinus Sry allele is restricted to Japan and the neighboring Asian mainland (Manchuria, Korea).
Material and Methods Mus Systematics and Samples
The nomenclature used is based on Auffray et al. (1990) and Bonhomme and G&net ( 1989) Moriwaki et al. 1990; She et al. 1990; Tucker et al. 1992a ). The approximate boundaries of the subspecies' native ranges based on published reports are depicted in figure 1 (Marshall 1986; Moriwaki et al. 1986; Bonhomme and G&net 1989; Frisman et al. 1990; Moriwaki et al. 1990; Sage et al. 1993) .
Sixty-eight male M. musculus samples from 36 localities in China, Korea, Japan, and Russia (table 1; nos. 1, 3, 4, 11, 12, 14-44) were studied. Three (table 868 Nagamine et al. 1, nos. 1, 3, 4) were Japanese wild mice and are listed as M. m. moZossinus. Mitochondrial DNA (mtDNA) BamH I RFLP analysis (Yonekawa et al. 1988 ) was used to determine the subspecies status of 6 1 of the remaining 65 samples. The subspecies designations correlated with the subspecies' native ranges except for sample 4 1 ( Rudnaja-Pristan' ), which had a M. m. castaneus mtDNA genome in the native range of M. m. musculus. This observation corroborates protein electrophoretic data identifying alleles characteristic of M. m. castaneus in the mice of this region of Russia (Frisman et al. 1990 ). Four samples representing two localities (table 1, nos. 23, 28) have not yet been typed and are listed as A4. musculus sp. The mtDNA status of samples 41, 23, and 28 does not affect the conclusions of this report since all were subsequently typed as having a musculus-type Y (see below).
Twenty-eight specimens from an earlier study that were previously typed with regard to domesticus-or musculus-type Y and molossinus Sry allele (Nagamine et al. 1992) are also listed in table 1 (nos. 2, 5-10, 13, 45-58) and shown in figure 1 to give the reader a comprehensive view of the samples studied to date. Altogether, 96 samples representing 58 localities and including all recognized A4. muscuhs subspecies were studied.
Genotyping for the Domesticus-or Musculus-type Y by Zfv PCR
The 68 Mus musculus samples were collected in the native ranges of M. m. muscuZus, M. m. castaneus, or M. m. molossinus and therefore should have a musculus-type Y (Nagamine et al. 1992) . To confirm that the samples harbored a musculus-type Y, we analyzed all using the polymerase chain reaction (PCR) for the presence of a Zfy-2 18-bp deletion, a mutation diagnostic for musculus-type Ys (Nagamine et al. 1992) .
The PCR for the Zfy-2 deletion followed our published protocols (Nagamine et al. 1990 ). The Zfy-specific primers recognize the Zfv-1 and Zfy-2 genes equally and flank the Zfy-2 deletion in musculus-type Ys. The predicted Zfv-1 and Zfy-2 amplified fragments, in the absence of the 18-bp mutation, are both 6 18 bp and therefore corn&ate. One microliter of the specimen DNA (0.3-2.2 pg) was amplified in a final volume of 50 ~1 in a reaction mix containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgC12, 1.3 mM dNTP, 0.5 FM each primer (sense = 5' -AAG ATA AGC TTA CAT AAT CAC ATG GA-3' ; antisense = 5' -CCT ATG AAA TCC TTT GCT GCA CAT GT-3' )) and 1 .O U Taq DNA polymerase ( Perkin-Elmer Cetus or Promega) . Amplification was for 30 cycles in a Perkin-Elmer Cetus 480, 1 cycle = 45 sat 94"C, 25 sat 6O"C, and 1 min at 72°C. The tubes were incubated for 10 min at 72°C after the last cycle. Five to 10 ~1 of the sample were size fractionated on 4% polyacrylamide gels, stained with ethidium bromide, then visualized with UV transillumination. Negative controls in which the DNA was omitted were run with each experiment to check for contamination by PCR-amplified products; none was found.
DNA samples from domesticus-type Ys give a single 618-bp band representing the comigration of the Zfv-1 and Zfy-2 amplified products ( fig. 2A ). Musculustype Ys give four bands: a 600-bp Z' y-2 band, a 6 18-bp Zfv-1 band, and two bands representing Zfv-1/Zfy-2 heteroduplexes (h 1, h2) (Nagamine et al. 19893, 1990) . Heteroduplexes form because the sequences of the Zfv-I and Zfy-2 amplified products are nearly identical. They are generated when the Zfv-1 and Zfy-2 PCR products reach a concentration level that favors a Zfv-1 strand annealing to a complementary Zfy-2 strand instead of to a Zfv primer or its complementary Zfv-1 strand. The slower migration of the Zfv-1 /Zfy-2 heteroduplexes relative to the Zfv-1 /Zfv-1 and Z' y-2/Zfy-2 homoduplexes and to each other is due to a combination of three factors: the mismatch between the Z' y-1 and Zfy-2 complementary strands resulting from the Zfy-2 18-bp deletion, the two heteroduplexes differing in their sequences in the mismatch region due to the presence of the sense or antisense Zfy-2 strand, and to the capability of polyacrylamide gels to resolve these differences. The reader is referred to Nagamine et al. ( 19893) for a detailed analysis of this phenomenon.
Southern Blot Analysis for the Molossinus S' ry Allele
Genomic DNAs ( lo-15 pg) were digested with TaqI, size fractionated on 0.8% agarose gels, then Southern blotted to nylon membranes (Hybond N+, Amersham or MagnaCharge, Micron Separations, Inc.). The transferred DNAs were UV cross-linked to the filters, prehybridized at 65°C for l-3 h in 0.25 M NaH2P04 (pH 7.2), 7% sodium dodecyl sulfate (SDS), then hybridized at 65°C for 14-16 h with the denatured 32P-Sry probe (2.0 X 106-3.0 X lo6 cpm/ml) in 0.25 M NaH2P04 (pH 7.2), 7% SDS, and 10% dextran sulfate. After hybridization, the filters were washed twice at low stringency (2 X SSC, 0.1% SDS, 55 "C, 30 min/each; 1 X SSC = 0.15 M NaCl, 0.015 M sodium citrate) and once at high stringency (0.1 X SSC, 0.1% SDS, 55"C, 15 min) prior to autoradiography at -85 "C using Kodak X-OMAT film and an intensifying screen. The Sry probe was generated by PCR (Nagamine et al. 1992) . Sryspecific primers flanking the Sry HMG box (sense = 5' GTG ACA ATT GTC TAG AGA GCA TGG A-3' , antisense = 5' GCA GCT CTA CTC CAG TCT TGC C-3' ) were used to generate a 382-bp Sry fragment from genomic DNA. The 382-bp fragment then served as a template to generate a 160-bp 32P-labeled-Sry probe us- ing nested Sry primers (sense = GTC CCG TGG TGA GAG GCA CAA GT-3 ' , antisense = 5 ' -TTC CTC TCT GTG TAA GAT CTT CAA TC-3' ).
DNA Sequence Analysis of the Sry HMG Box
The Sry HMG box was determined by direct sequencing of either single stranded DNA (ssDNA) or double stranded DNA (dsDNA ) Sry templates. After amplification of the Sry HMG box from genomic DNA, the PCR amplified products were fractionated on 1% low-melting agarose gels and the Sry dsDNA isolated by melting the agarose block at 70°C then either freezing/ thawing the molten agarose followed by filtration through a 0.45-pm Ultrafree-MC filter unit (Millipore Corp.) or digesting the agarose with Gelase (Epicentre Technologies).
The Sry dsDNA was recovered by ethanol precipitation. Sry ssDNA was generated by linear amplification of the Sr_y dsDNA using. the same PCR conditions but only a 5' or 3' Sry primer. The Sry ssDNA was purified by filtration through 30,000 NMWL Ultrafree-MC filter units. Sequencing was either by the dideoxy chain termination method using Sry dsDNA or ssDNA templates and Sequenase 2.0 (United States Biochemicals Corp.) or by the Circumvent Thermal Cycle kit (New England Biolabs, Inc.) using Sry dsDNA templates.
Results and Discussion

